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[57] ABSTRACT

An optical arrangement includes an optical system for
transforming synchrotron radiation light emitted from
an emission point of a synchrotron ring into a substan-
tially parallel beam, with respect to a first direction
which 1s parallel to an orbit plane of the synchrotron
ring and with respect to a second direction which is
perpendicular to the orbit plane, wherein an absolute
value of a focal length of the optical system in the first
direction 1s smaller than that in the second direction.

10 Claims, 7 Drawing Sheets
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OPTICAL ARRANGEMENT FOR EXPOSURE
APPARATUS

FIELD OF THE INVENTIONS AND RELATED 5
ART

This invention relates to an optical arrangement suit-
ably usable, for example, in an exposure apparatus such
as an X-ray exposure apparatus which uses, as a light
source, synchrotron radiation light produced by a
charged particle accumulation ring (synchrotron ring).

An example of an exposure apparatus, which uses
synchrotron radiation light as a light source to transfer
a fine mask pattern such as VLSI to a wafer, is illus-
trated in FIGS. 8A and 8B wherein synchrotron radia-
tion light emitted from an emission point 12 of a syn-
chrotron ring (SOR ring) 11 is reflected by a mirror 15,
swinging in the direction of the arrow, and thus it is
expanded in a direction (Y direction) perpendicular to
the orbit plane of the synchrotron ring 11. The ex-
panded light 1illuminates a mask (original) 13 whereby a
pattern of the mask is transferred to a wafer 14.

In the illustrated example, the distance from the emis-
sion point 12 to the mirror 15 is, e.g., 5 m; the distance
from the mirror 15 to the mask 13 is, e.g., about 5 m; the
distance from the mask 13 to the wafer 14 (i.e. “proxim-
ity gap”) 1s, €.g., about 30 microns; and the size of the
transfer region 1s about 20 mm square.

In this example, the acceptance angle (the angle of
divergence of light, from a point light source, that can 30
be accepted by an illumination system (mirror 15) for
projection of light to a mask and a wafer) with respect
to a direction (X direction) parallel to the orbit plane of
the synchrotron ring is 2 mrad, and the tilt in the X
direction of the synchrotron radiation light impinging 35
on the mask 13 is 1 mrad (max.) while the tilt thereof in
the Y direction is 2 mrad (max.). As a result, there oc-
curs distortton (called “run-out error) in the mask
pattern transferred to the wafer 14. The magnitude of
this distortion in the Y direction is 0.06 micron (max.). 40

FIGS. 9A and 9B show another example of a radia-
tion exposure apparatus by which the problem of run-
out error such as described above may be solved.

In the apparatus of FIGS. 9A and 9B, for transferring
a mask pattern of a mask 33 to a wafer 34, a beam emit- 45
ted from an emission point 32 of a synchrotron ring 31
1s reflected by a rotational hyperboloid reflecting mir-
ror 35 and then by a rotational paraboloid reflecting
mirror 36, whereby it is collimated with respect to the
X and Y directions.

In this structure, however, the system comprising the
reflecting mirrors 35 and 36 has the same focal distance
in the X and Y directions and, therefore, the angle of
acceptance of the synchrotron radiation is the same
with respect to both the X and Y directions.

However, since the synchrotron radiation light has a
larger divergence angle in the X direction than that in
the Y direction, with this system, it is only possible to
retrieve or accept a very small portion of the light in the
X direction. Namely, most of the light emitted from the 60
synchrotron is not used and, naturally, the efficiency of
using synchrotron radiation light is low. This conse-
quently requires a prolonged exposure time.

SUMMARY OF THE INVENTION

It 1s accordingly an object of the present invention to
provide an optical arrangement by which synchrotron
radiation light can be collimated in the X and Y direc-
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tions and, additionally, by which the angle of accep-
tance of the synchrotron radiation light with respect to
the X and Y directions can be enlarged.

It 1s another object of the present invention to pro-
vide an improved semiconductor device manufacturing
method which uses the optical arrangement described
above. _

These and other objects, features and advantages of
the present invention will become more apparent upon
a consideration of the following description of the pre-
ferred embodiments of the present invention taken in
conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B show a first embodiment of the
present invention, wherein FIG. 1A is a side view and
FIG. 1B 1s a plan view. |

FIGS. 2A and 2B show a second embodiment of the
present invention, wherein FIG. 2A is a side view and
FIG. 2B 1s a plan view.

FIGS. 3A and 3B show a third embodiment of the
present invention, wherein FIG. 3A is a side view and
FI1G. 3B is a plan view.

FIG. 4A 1s a graph showing the wavelength vs. re-
flectivity characteristic of a multilayered film reflecting
Mirror.

F1G. 4B 1s a graph showing the wavelength vs. re-
flectivity characteristic of a single-layer film reflecting
MITror.

FIG. S 1s a plan view of a fourth embodiment of the
present invention.

FIG. 6 1s a flow chart of the semiconductor device
manufacturing processes.

FI1G. 7 is a flow chart showing details of a wafer
process.

FI1GS. 8A and 8B show a known example of an X-ray
exposure apparatus, wherein FIG. 8A is a side view and
FIG. 8B 1s a plan view.

FIGS. 9A and 9B show another known example of an
X-ray exposure apparatus, wherein FIG. 9A 1s a side
view and FIG. 9B is a plan view.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Preferred embodiments of the present invention will
now be explained in conjunction with the drawings.

Referring first to FIGS. 1A and 1B showing the first
embodiment of the present invention, synchrotron radi-
ation light produced by a synchrotron ring (SOR ring)
1 emanates from an emission point 2. The emitted radia-
tion light is collected and collimated by a first mirror 5a
and a second mirror 6a. Denoted at 9 is an exposure
shutter for adjusting the amount of exposure. The radia-
tion light then illuminates a mask (original) 3 by which
the mask pattern is transferred to a resist applied to a
wafer (substrate) 4. The wafer 4 can be displaced by a
stage 8, for adjustment of the relative positional rela-
tionship between the mask 3 and the wafer 4.

Here, each of the first and second mirrors Sa and 6a
has formed on its reflection surface a multtlayered film
or a single-layer film, comprising SiC or Pt. The first
mirror Sa has a toroidal shape of curvature, concave in
the X direction and convex in the Y direction. The
second mirror 6a has a cylindrical shape of curvature,
infinite in the X direction and concave in the Y direc-
tion. |
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The synchrotron radiation light is reflected by the
first mirror Sa, by which it is collected with respect to
the X direction. Thus, it is retrieved or accepted with a
large angle and is collimated. Then, the synchrotron
radiation light is reflected by the second mirror 6z, by
which it is collimated with respect to the Y direction.
The thus collimated synchrotron radiation light illumi-
nates the mask 3, for transferring the mask pattern (cir-
cuit pattern) to the wafer 4.

Table 1 below shows specifications of the first and 10

second mirrors.

TABLE 1
X DIRECTION ____Y DIRECTION
RADIUS RADIUS
OF OF
CURVA- FOCAL CURVA- FOCAL
MIRROR TURE LENGTH TURE LENGTH
IST 0.279 4.0 —9.97 —0.174
2ND INFINITE INFINITE 2384 4.167

Unit:meter (Primary Incidence Angle: 88 deg.)

In Table 1, each positive curvature radius corre-
sponds to a concave surface while the negative curva-
ture radius corresponds to a convex surface. The dis-
tance from the emission point 2 to the first mirror 5z is
4 m; the distance from the first mirror 5z to the second
mirror 6a is 4 m; and the primary incidence angle (angle
with respect to the normal to the mirror) of the syn-
chrotron radiation light to the mirror is 88 deg., in both
cases of the first and second mirrors 5S¢ and 6a. The
synthetic focal length is 4 m in the X direction and 100
m in the Y direction.

If the size of the exposure region on the mask is 20
mm square, the angle of acceptance of synchrotron
radiation light is 0.29 deg. in the X direction and 0.011
deg. in the Y direction. Namely, in the X direction the
light collection is 25 times as much as in the Y direction.
As a consequence, the illuminance on the mask in-

creases and it 1s possible to reduce the exposure time ,,

considerably.

FIGS. 2A and 2B show the second embodiment of
the present invention, wherein like numerals as those in
FIGS. 1A and 1B denote corresponding elements.

This embodiment differs from the first embodiment in 45

that: first mirror 5b has a toroidal shape of curvature,
concave both in the X and Y directions, while second
mirror 6b has a toroidal shape of curvature, concave in
the X direction and convex in the Y direction.

Table 2 below shows specifications of the first and s

second mirrors.

TABLE 2
X DIRECTION Y DIRECTION
RADIUS RADIUS
OF OF
CURVA- FOCAL CURVA- FOCAL
MIRROR TURE LENGTH TURE LENGTH
IST 0.101 1.923 17.34 0.227
2ND 0.098 1.875 4.762

363.8

Unit:meter (Primary Incidence Angle: 88.5 deg.)

In Table 2, the distance from the emission point to the
first mirror 55 is 5 m; the distance from the first mirror
36 to the second mirror 6b is 5 m; and the primary
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If the size of the exposure region on the mask is 20
mm square, the angle of acceptance of synchrotron
radiation light is 0.38 deg. in the X direction and 0.011
deg. in the Y direction. Namely, in the X direction the
light collection is 33 times as much as in the Y direction.
As a consequence, the illuminance on the mask in-
creases considerably.

The reflectivity to the X-rays largely depends on the
angle of incidence. In an ordinary reflecting mirror
using metal or the like, a high reflectivity is attainable
provided that the angle of incidence is slightly smaller
than 90 deg. If the angle of incidence becomes small, the
reflectivity decreases largely. Accordingly, the light
has to be projected with an angle of grazing incidence.
If a curved surface mirror is used with grazing light
incidence and when the radius of curvature of the mir-
ror 1S R and the angle of incidence is 8, then the focal
length F in a plane defined by a straight line parallel to
the projected light and the projection thereof onto the
tangential plane to the mirror surface is given by:

F=(RXcos6)/2.

On the other hand, in a plane perpendicular to that
plane and containing a straight line paraliel to the pro-
jected light, the focal length F is given by:

F=R/(2XcosB).

30 Also, if plural reflecting mirrors are used and when the
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incidence angle of the light to the mirror is 88.5 deg., in 65

both cases of the first and second mirrors 56 and 65. The
synthetic focal length is 3 m in the X direction and 100
m in the Y direction.

focal length of a first mirror (56) is F1 while the focal
length of a second mirror (6b) is F2 and the distance
from the first mirror to the second mirror is L, then the
synthetic focal length FO of this system is given by:

FO=(FLXF2)/(F1+F2—L).

On the basis of these relations, it is possible to design a
collimating optical system with different synthetic focal
lengths in the X and Y directions while using plural
grazing incidence reflecting mirrors, as in the first and
second embodiments.

Referring to FIGS. 3A and 3B showing the third
embodiment, like numerals as those in FIG. 1A and 1B
are assigned to corresponding elements.

In this embodiment, a first reflecting mirror 54 has a
toroidal shape of curvature, concave in the X direction
and convex in the Y direction. Second reflecting mirror
6d has a cylindrical shape of curvature, infinite in the X
direction and concave in the Y direction. Since the light
is collected by the first reflecting mirror 54 in the X
direction, the radiation light can be accepted with a
large angle.

Table 3 shows specifications of the mirrors of this"
embodiment.

TABLE 3
X DIRECTION Y DIRECTION
RADIUS RADIUS
OF OF
CURVA-  FOCAL CURVA- FOCAL
MIRROR TURE LENGTH TURE  LENGTH
1ST 0.419 3.0 —2.75 —0.096
2ND INFINITE INFINITE 886 3.09

Unit:meter (Primary Incidence Angle: 86 deg.)

Here, the distance from the emission point to the first
mirror is 3 m; the distance from the first mirror to the
second mirror is 3 m; and the primary incidence angle of
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the light to the mirror is 86 deg., in both cases of the first
and second mirrors. The synthetic focal length is 3 m in
the X direction and 100 m in the Y direction.

In this embodiment, each of the mirrors 54 and 64 has
formed thereon a multilayered film. More specifically, 5
tungsten and carbon materials are accumulated alter-
nately (each five layers) to provide a multilayered film.

In an ordinary reflecting mirror using metal or the like,

a high X-ray reflectivity is attainable provided that the
angle of incidence (angle with respect to a normal) is 10
about 90 deg. However, with a decreasing incidence
angle, the reflectivity reduces largely. To the contrary,
if a multilayered film is provided on the surface of a
reflecting mirror, it becomes possible to obtain a high
reflectivity even with a small angle of incidence.

FI1GS. 4A and 4B are graphs each showing the wave-
length vs. reflectivity characteristic of a reflector where
the angle of incidence to the reflector is 86 deg. FIG.
4A corresponds to a multtlayered film mirror according
to this embodiment wherein tungsten and carbon mate-
rials are accumulated alternately (each five layers).
FIG. 4B corresponds to a reflecting mirror with a single
gold layer. It is seen that the reflecting mirror of this
embodiment assures a high reflectivity, as compared
with the reflecting mirror of a single gold film.

Using a multilayered film reflecting mirror in an ex-
posure apparatus assures the following advantages:

(1) The angle of incidence of X-rays can be made
small and, therefore, it is possible to use a small size
reflecting mirror for illuminating the exposure re- 30
gion. This facilitates reduction in size and cost of
the exposure apparatus.

(2) Since the angle of incidence of X-rays can be
small, the surface precision of the reflecting mirror
becomes less influential. This leads to improved 35
parallelism of illuminating light and, thus, to im-
proved precision of the exposure apparatus.

Referring to FIG. 5 showing the fourth embodiment
of the present invention, like numerals as those of FIGS.
1A and 1B are assigned to corresponding elements.

Two flat reflecting mirrors 7—7 are provided to
divide synchrotron radiation light into three beams. For
each of the three divided beams, there are provided two
mirrors 3¢ and 6c so as to collect and collimate the
corresponding beam. The three radiation beams each
being collected and collimated are directed to three
exposure units, respectively, for executing mask pattern
transferring operations in these units, respectively.
Each mirror S¢ or 6c¢ 1s of the same structure as that
described above with reference to one of the first to
third embodiments of the present invention.

In an arrangement according to this embodiment, a
plurality of exposure units can operate simultaneously
in conjunction with a single port and, therefore, the
efficiency of utilization of synchrotron radiation light is
high. Also, the area of floor necessary for the exposure
apparatus as a whole can be made small.

The present invention is not limited to the forms of
the embodiments described above. Any combination of
mirrors may be used to collect light in the X and Y 60
directions, provided that the absolute value of its syn-
thetic focal length in the X direction is smaller than that
in the Y direction.

With the above-described structure of the present
invention, various advantageous effects are obtainable.
Examples are as follows:

(a) A mask can be illuminated with substantially colli-

mated (parallel) synchrotron radiation light. Thus,
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it is possible to avoid or reduce the run-out error.
This assures improved positional precision of a
transferred pattern.

(b) Since the synchrotron radiation light can be ac-
cepted efficiently, the strength of illumination is
high. This effectively reduces the exposure time
and increases the throughput of the exposure appa-
ratus.

It is to be noted that the present invention is not
limited to an exposure apparatus. The invention is appli-
cable also to an X-ray microscope, an optical CVD
apparatus, or an optical etching apparatus, for example.

Referring now to FIGS. 6 and 7, description will be
made of a semiconductor device manufacturing method
according to an embodiment of the present invention,
which uses one of the exposure apparatuses of the first

“and fourth embodiments.

FIG. 6 1s a flow chart of the sequence of manufactur-
ing a semiconductor device such as a semiconductor
chip (e.g. IC or LSI), a liquid crystal panel or a CCD,
for example. Step 1 is a design process for designing the
circutt of a semiconductor device. Step 2 is a process for
manufacturing a mask on the basis of the circuit pattern
design. Step 3 1s a process for manufacturing a wafer by
using a material such as silicon.

Step 4 1s a wafer process which is called a pre-process
wherein, by using the so prepared mask and wafer,
circuits are practically formed on the wafer through
lithography. Step § subsequent to this is an assembling
step which 1is called a post-process wherein the wafer
processed by step 4 is formed into semiconductor chips.
This step includes assembling (dicing and bonding) and
packaging (chip sealing). Step 6 is an inspection step
wherein operability check, durability check and so on
of the semiconductor devices produced by step 5 are
carried out. With these processes, semiconductor de-
vices are finished and they are shipped (step 7).

FIG. 7 1s a flow chart showing details of the wafer
process. Step 11 1s an oxidation process for oxidizing the
surface of a wafer. Step. 12 is a CVD process for form-
ing an insulating film on the wafer surface. Step 13 is an
electrode forming process for forming electrodes on the
wafer by vapor deposition. Step 14 is an ion implanting
process for implanting ions to the wafer. Step 15 is a
resist process for applying a resist (photosensitive mate-
rial) to the wafer. Step 16 is an exposure process for
printing, by exposure, the circuit pattern of the mask on
the wafer through the exposure apparatus described
above. Step 17 is a developing process for developing
the exposed wafer. Step 18 is an etching process for
removing portions other than the developed resist im-
age. Step 19 is a resist separation process for separating
the resist material remaining on the wafer after being
subjected to the etching process. By repeating these
processes, circuit patterns are superposedly formed on
the wafer.

The semiconductor device manufacturing method of
this embodiment uses the optical arrangement described
with reference to any one of the first to fourth embodi-
ments of the present invention described hereinbefore.
It 1s therefore possible to produce semiconductor de-
vices of higher degree of integration.

While the invention has been described with refer-
ence to the structures disclosed herein, it is not confined
to the details set forth and this application is intended to
cover such modifications or changes as may come
within the purposes of the improvements or the scope of
the following claims.
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What 1s claimed is:

1. A semiconductor device manufacturing method
comprising: |

transforming a synchrotron radiation beam emitted

from an emission point of a synchrotron ring into a
substantially parallel beam, with respect to a first
direction, which is parallel to an orbit plane of the
synchrotron ring and with respect to a second
direction, which is perpendicular to the orbit plane,
by using an optical system including a first mirror
of toroidal shape and a second mirror of cylindrical
shape; and

projecting the obtained parallel radiation beam to a

mask having a circuit pattern to transfer the circuit
~ pattern of the mask to a wafer.

2. A semiconductor device manufactured by a
method, which comprises:

transforming a synchrotron radiation beam emitted

from an emission point of a synchrotron ring into a
substantially parallel beam, with respect to a first
direction, which is parallel to an orbit plane of the
synchrotron ring and with respect to a second
direction, which 1s perpendicular to the orbit plane,
by using an optical system including a first mirror
of toroidal shape and a second mirror of cylindrical
shape; and

projecting the obtained parallel radiation beam to a

mask having a circuit pattern to transfer the circuit
pattern of the mask to a wafer.
3. An optical arrangement comprising:
an optical system including a first mirror of toroidal
shape and a second mirror of cylindrical shape, for
transforming synchrotron radiation light emitted
from an emission point of a synchrotron ring into a
substantially parallel beam, with respect to a first
direction, which is parallel to an orbit plane of the
synchrotron ring and with respect to a second
direction, which is perpendicular to the orbit plane,

wherein an absolute value of a focal length of said
optical system in the first direction is smaller than
that in the second direction.

4. An optical arrangement according to claim 3,
wherein said first mirror has a curvature concave in the
first direction and convex in the second direction and
said second mirror has a curvature infinite in the first
direction and concave in the second direction [for col-
lecting the synchrotron radiation light in the second
direction.

5. An optical arrangement according to claim 3,
wherein said optical system comprises a reflecting mir-
ror having a reflecting surface provided by a single-
layer film.
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6. An optical arrangement according to claim 3,
wherein said optical system comprises a reflecting mir-
ror having a reflecting surface provided by a multilay-
ered film.

7. A synchrotron orbit radiation exposure apparatus
usable with a synchrotron ring, for transferring a pat-
tern of an original onto a substrate, said apparatus com-
prising:

means for holding the original and the substrate in a

predetermined positional relationship; and
an illumination system for providing a radiation beam
for transferring the pattern of the original onto the
substrate, said itllumination system comprising an
optical system including a first mirror of toroidal
shape and a second mirror of cylindrical shape, for
transforming synchrotron radiation light emitted
from an emission point of the synchrotron ring into
a substantially parallel beam, with respect to a first
direction, which is parallel to an orbit plane of the
synchrotron ring and with respect to a second
direction, which is perpendicular to the orbit plane,

wherein an absolute value of a focal length of said
optical system in the first direction is smaller than
that in the second direction.

8. An apparatus according to claim 7, further com-
prising an exposure adjusting mechanism for adjusting
the amount of exposure for the pattern transfer.

9. An apparatus according to claim 7, further com-
prising a position adjusting mechanism for adjusting the
relative positional relationship between the original and
the substrate.

10. A synchrotron orbit radiation exposure system,
comprising:

a synchrotron ring; and

a plurality of exposure apparatuses each comprising,

(1) means for holding an original and a substrate in
a predetermined positional relationship, and (ii) an
illumination system for providing a radiation beam
for transferring a pattern of the original onto the
substrate, said illumination system comprising an
optical system including a first mirror of toroidal
shape and a second mirror of cylindrical shape, for
transforming synchrotron radiation light emitted
from an emission point of the synchrotron ring into
a substantially parallel beam, with respect to a first
direction, which is paralle] to an orbit plane of the
synchrotron ring and with respect to a second
direction, which is perpendicular to the orbit plane,
wherein an absolute value of a focal length of said
optical system in the first direction is smaller than

that in the second direction.
* - - * - -
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